Objective: Skeletal muscle is considered to be an endocrine organ that secretes a number of myokines including follistatin (FST), myostatin (MSTN), activin A, and the newly identified irisin. Irisin's biology and function exhibit similarities with the functions of the FST-MSTN-activin A axis. It remains unknown whether there is any interplay among these molecules. The aim of this study is to examine potential associations of irisin with the FST, MSTN, and activin A axis. Methods: Two observational studies were performed to evaluate the associations of irisin with the other three peptides. . Blood samples were obtained after an overnight fast. Eight out of the 14 participants consented to an optional thigh biopsy during their bariatric surgery. Using the above blood and tissue samples, we measured circulating levels and muscle mRNA of irisin, FST, MSTN, and activin A. Results: We report that FNDC5 mRNA in muscle is positively correlated with FST mRNA expression in morbidly obese subjects (rZ0.93, P!0.001). We also found that circulating irisin is positively correlated with FST circulating levels among lean subjects (rZ0.17, PZ0.05) while this association was suggestive among the obese (rZ0.56, PZ0.07). Conclusion: The newly identified myokine irisin may be positively associated with FST at both the mRNA and circulating protein level.
Introduction
Recent studies have shed light on the role of nontraditional endocrine tissues, including skeletal muscle tissue, in the regulation of energy metabolism, body composition, and insulin sensitivity (1) . A number of cytokines and other peptides, also known as myokines, are expressed and released by muscle fibers in response to contraction, differentiation, and insulin resistance (2) . Irisin, the most recently identified myokine, is the extracellular cleaved product of fibronectin type III domain, containing 5 (FNDC5), and is regulated by peroxisome proliferator-activated receptor gamma coactivator 1-a (PPARGC1A or PGC1a) (3). Studies in mice have shown that FNDC5/irisin overexpression induces browning and enhances thermogenesis of white adipose tissue, contributing to the improvement of glucose homeostasis and insulin resistance (3, 4) . Our team recently studied the physiology of irisin in humans and reported a significant increase in irisin levels after acute exercise and significant association of its levels with anthropometric and metabolic parameters (5) . In addition, two recently published studies demonstrated altered irisin levels in type 2 diabetes (6, 7) and in severely obese humans (8) .
Despite the increased interest of the scientific community in studying the new myokine irisin (9) , its physiology remains largely unknown. Irisin is one of the many identified myokines, but its association and/or interaction with other myokines remains unknown. Interestingly, irisin and follistatin (FST), a peptide that regulates muscle growth through the inhibition of myostatin (MSTN) and activin A, exhibit a similar response to exercise (10) . Conversely, MSTN, a strong negative muscle mass regulator, changes toward the opposite direction after long-term aerobic exercise (10, 11) . The potential interplay between MSTN and irisin was highlighted by Shan et al. (12) who reported that within the muscle tissue, MSTN(K/K) leads to increased 5 0 AMP-activated protein kinase (AMPK) expression and phosphorylation, which subsequently activates irisin precursors PGC1a and FNDC5.
The individual role of FST, MSTN, and activin A has been parsed out through in vitro and in vivo animal and human studies (13, 14, 15) . These molecules exhibit different responses to altered metabolism states, such as chronic energy deprivation, through a leptin-independent pathway (13) . Their pivotal role in muscle mass regulation and in the muscle-adipose tissue cross-talk has already been well elucidated (14, 15) . On the other hand, the pathophysiological role of irisin is currently being examined with both in vitro and in vivo studies. The apparent similarities of the above peptides in their response to exercise and their impact on body metabolism triggered our interest to investigate further whether there is cross-talk or associations at the mRNA or circulating protein levels between the novel myokine, irisin, and the FST-MSTN-activin A axis. The study herein aims to examine cross sectionally correlations among the circulating and tissue expression levels of irisin, FST, activin A, and MSTN in otherwise healthy subjects with a wide variety in BMI, from normal to morbidly obese.
Subjects and methods
Cyprus Metabolism Study: cross-sectional study of healthy young males As described before, the Cyprus Metabolism Study included a total of 1056 healthy, 18-year-old men who were screened and enrolled in the Cyprus Metabolism Study at the beginning of their 2-year mandatory military service in the Cypriot Army (16) . The participants were exposed to the same dietary, exercise, and sleep conditions for 1 day as they had commenced their mandatory military service the previous day. They were eligible for enrollment to this cohort as part of their health screening examination. Serum measurements were performed in all participants in a standardized manner after an overnight fast. This study has been approved by the Harvard School of Public Health Institutional Review Board and the Cyprus National Bioethics Committee and received an exempt status by the Institutional Review Board of Beth Israel Deaconess Medical Center (BIDMC).
To evaluate for any association between serum levels of irisin, FST, activin A, and MSTN, we randomly selected a sample of 150 participants of the Cyprus Metabolism Study. The randomization was performed using random subject identities, generated from the statistical software described below. The mean age of our sample was 18.48G0. 16 Cross sectional study of morbidly obese subjects Subjects A total of 14 morbidly obese subjects (age 53.14G8.92 years, BMI 50.18G10.62 kg/m 2 , males/ femalesZ8/6) were recruited to this study after they were approved for bariatric surgery. All participants were between 18 and 65 years old and fulfilled the NIH criteria for bariatric surgery. The study was approved by the Institutional Review Board of BIDMC and participants provided written, informed consent to participate (5).
Study protocol Participants were examined by study physicians before surgery in the BIDMC General Clinical Research Center (GCRC). Blood samples were obtained after an overnight fast before surgery. Eight out of the fourteen participants consented to undergo an optional left or right thigh biopsy during the surgery. The biopsy was performed by the general surgeon and thigh skeletal muscle tissue was obtained using a biopsy needle (5).
Measurement of circulating levels of irisin, FST, activin A, and MSTN
The molecules of interest were measured with commercially available immunoassays. Irisin levels were determined using ELISA assay from Aviscera Biosciences (Santa Clara, CA, USA). Activin A and FST serum levels were determined using ELISA assay from R&D Systems (Minneapolis, MN, USA). MSTN was tested with a commercially available competitive immunoassay (EIA by Immundiagnostik AG, Bensheim, Germany) (13, 17) . All samples were analyzed in duplicate. Samples that yielded a coefficient of variability O15% were excluded from the analysis.
Measurement of PGC1a, FNDC5, PPARG, FST, activin A, and MSTN expressions in the skeletal muscle tissue PCG1a, FNDC5, PPARG, FST, activin A (INHBA), and MSTN expression was detected with real-time quantitative PCR (RT-qPCR). RNA was extracted from the skeletal muscle tissue with Trizol (Invitrogen), and first-strand cDNA synthesis was performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems), according to the manufacturer's protocol. For RT-qPCR, 10 ng cDNA per 20 ml reaction were amplified using human-specific TaqMan Gene Expression Assay (Assay ID: Hs00246256 for FST, Hs00170103 for activin A, Hs00193363 for MSTN, Hs0106719 for PCG1a, Hs00401006 for FNDC5, Hs01115513 for PPARG, Applied Biosystems) in the 7500 Fast RT-qPCR system using standard realtime 7500 protocol. Data were analyzed using the 7500-system software (Applied Biosystems). mRNA expression was measured using the comparative Ct method (ABI7500 FAST, Applied Biosystems). Data were normalized to b-actin (id: Hs99999903) in each reaction (5) .
Statistical analysis
Statistical analysis was performed with STATA version 12 (STATA Corp., College Station, TX, USA). Results are expressed as meanGS.D. for normally distributed variables. Normality of the dependent variables was evaluated using frequency histograms and the Shapiro-Wilk test. Variables that were not normally distributed were normalized with square-root or logarithmic transformation as appropriate. Correlations between different myokines were evaluated using Spearman's correlation analysis. One extreme outlier in irisin levels (O6 S.D.) was removed from the analysis. All P values reported herein are two-sided and alpha criterion is set to 0.05.
Results

Cyprus Metabolism Study: cross-sectional study results
The baseline clinical and laboratory characteristics of the 150 participants are summarized in Table 1 . The mean age of the above participants was 18.48G0.16 years and their mean BMI was 23.18G3.75 kg/m 2 . There was only one participant whose parameters fulfilled the criteria for the diagnosis of metabolic syndrome (data not shown). Seven participants were on a multivitamin supplement, one on paracetamol when needed, two on inhalers for asthma, and one on valproate. None of the participants was on more than one medication.
On our correlation analysis, we found that circulating irisin levels are positively correlated with FST circulating levels (rZ0.17, PZ0.05). We also reported the expected negative correlation of FST with circulating MSTN levels (rZK0.19, PZ0.02). Table 2 summarizes the findings from the correlation analysis of the four novel peptides.
Cross-sectional study of morbidly obese subjects Serum measurements We studied 14 morbidly obese subjects that were scheduled to undergo bariatric surgery. Their mean age was 53.14G8.93 years and mean BMI was 50.18G10.63 kg/m 2 . Again there was a positive correlation of irisin with circulating FST which tended to be significant (rZ0.56, PZ0.07). This confirmed our important finding from the Cyprus cross-sectional study, albeit without statistically significant P values, probably due to the small number of participants in this study (Table 3) .
mRNA expression studies The correlation matrix analysis of the expression levels of FNDC5, PGC1a, PPARG, FST, activin A, and MSTN is summarized in Table 4 . We found that FNDC5 mRNA expression is positively correlated with FST mRNA expression in morbidly obese subjects (rZ0.93, P!0.001). This finding comes in agreement with our findings from the correlation analysis of circulating serum levels. Our analysis did not detect any other significant association at tissue level.
Discussion
Skeletal muscle is now considered to be an endocrine organ that secretes a number of myokines including FST, MSTN, activin A, and irisin. These molecules seem to play a vital role in orchestrating the function and metabolism of other important endocrine organs (18) . Irisin is the most recently identified myokine and its pathophysiology remains largely unknown. There is recent evidence about its role in browning of fat tissue, exercise physiology, and its associations with metabolic and anthropometric parameters (3, 5, 8) . In line with the results from mice (3) and rats (19) , irisin was reported to correlate with energy expenditure (EE) in postmenopausal women, but only in a subgroup in which EE was greater than the one predicted by muscle mass (20) . However, Fain et al. (21) recently showed that exercise does not increase muscle FNDC5 protein nor mRNA expression in pigs, although the circulating levels were increased, suggesting that there might be different mechanisms of irisin production and secretion among species. Our in vitro models (22) have proposed a possible linkage of irisin with the hippocampus, implying that irisin may exert central effects in the fight against Alzheimer's disease (23) . Yet, it still remains unknown whether any association between irisin and the members of the FST-activin A-MSTN axis indeed exists. In this study, using cross-sectional data from healthy and morbidly obese subjects, we found a significant correlation of circulating irisin with circulating FST levels. We replicated this finding by examining the associations of the mRNA expression patterns at skeletal muscle tissue and found that FNDC5 mRNA levels were positively associated with FST mRNA levels in muscle.
FST is a peptide that has been extensively studied and was initially considered to be a reproductive hormone due to its FSH inhibitory role (24) . However, further studies have been suggestive of FST's multifunctional role. It is a potent MSTN and activin A inhibitor, regulating fat and lean mass and promoting muscle growth, glucose uptake, and insulin sensitivity (14, 25) . Acute exercise increases FST levels shortly after a bout of acute exercise (10) . It is interesting that irisin also responds to acute exercise in a very similar pattern with FST (5). This parallel response triggered our interest in studying the existence of any associations between these two molecular entities. In our study, we reported that there is indeed a positive correlation of FST with irisin both at the tissue level and in circulation. This association was confirmed by studying two different populations: young healthy males and morbidly obese males and females. The above finding may indicate the existence of direct interaction between the two myokines, with FST triggering the expression of irisin or vice versa or the presence of common underlying mechanisms regulating both peptides in a similar manner. Interestingly, our correlation analysis showed a significantly higher correlation of irisin with FST in the obese population (rZ0.56) compared with the healthy male population (rZ0.17), but larger studies are needed to confirm or refute this observation. Mechanisms underlying this association need to be further investigated in future studies. It is interesting to note that in our, rather limited in size, data set PGC1a was not correlated with FNDC5 gene expression in muscle. Although PGC1a has been suggested to be the upstream regulator of FNDC5, PGC1a is apparently not the only modifier of irisin expression and production. It has been proposed, for example, that in states of nonexercise-related metabolism, such as at baseline in obese and insulin-resistant subjects, irisin/FNDC5 might be regulated by additional stimuli including myokines in a PGC1a-independent manner (26) . It has also been proposed that in the obese state irisin may also be secreted by the adipose tissue (26, 27) . This may explain why we failed to find a direct association of fat free mass with irisin levels in our analyses. The possible presence of other molecules serving as upstream inducer(s) or suppressors of irisin/FNDC5 needs to be extensively studied in the future.
MSTN has a powerful negative effect on myogenesis and glucose homeostasis (28) , while activin A is a multifunctional protein, secreted by various tissues, that promotes pre-adipocyte proliferation, regulates inflammation processes, muscle homeostasis, and glucose-induced insulin secretion (29) . Both MSTN FNDC5 ). In the same study, it was shown that treatment of cultured myotubes with anti-MSTN antibody or FST causes increased expression of both PGC1a and FNDC5 at the mRNA level, suggesting that these molecules might share common underlying mechanisms of action (12) . Based on the above, we would expect to find a negative association between MSTN and irisin. Although we successfully demonstrated the expected negative association between MSTN and FST, we did not demonstrate any association between irisin and MSTN. This finding should be interpreted with caution taking into consideration that MSTN primarily functions in a paracrine/autocrine fashion and therefore associations at this level cannot be excluded. Alternatively, it is also possible that in vivo irisin is not influenced solely by MSTN levels but probably by the balance of the MSTN-FST-activin system. Further large and powerful observational studies as well as mechanistic studies involving the interplay of all molecules involved in MSTN regulation and action need to be performed. This is the first time that these myokines, irisin, FST, activin A, and MSTN, were studied in a cross-sectional study to elucidate the physiology of the FST-activin A-MSTN-irisin axis. We studied these associations in circulation and tissue level processing samples from young males and morbidly obese males and females. The existence of these associations cannot prove causality due to the cross-sectional design of the study and thus, we can only raise hypotheses to be tested by future larger observational as well as future mechanistic studies.
In conclusion, we report the existence of a positive association between FST and the newly identified myokine irisin. Follow-up studies would be helpful to confirm and expand our observations.
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